Introduction 23
Solid oxide fuel cells (SOFCs) are classified as high-temperature fuel cells because of their 24 high operating temperature (650-900 o C). Compare to other fuel cells types, they have 25 several promising advantages: high operating efficiency (55 -65%), fuel flexibility and high 26 fuel impurity tolerance. The materials used for SOFC manufacturing are normally non-27 precious metal catalysts and ceramic materials, which greatly reduce the manufacturing cost. 28
Moreover, high-quality waste heat will be generated from the operation of SOFC that can be 29 used for steam generation or as process heat, increasing the fuel cell efficiency to overall 92 30 to 95%. By using SOFCs to generate electricity, the efficiency of fossil fuel used in the 31 electricity supply system can be significantly increased. Hence, SOFCs have attracted much 32 attention worldwide to reduce the use of fossil fuels [1] [2] [3] [4] . Among all hydrocarbon fuels, 33 biogas is a promising candidate, because it is a renewable and environmentally friendly 34 power source that produced from biomass. Biogas mainly consists of CH 4 , CO 2 , H 2 O and 35 trace amount of other contaminants, such as H 2 S and NH 3 [5] . 36
Although the nickel cermet anode has excellent catalytic activity to various hydrocarbon fuels, 37 coking and sulphur poisoning are the two most prevalent problems to solve for hydrocarbon 38 fuelled SOFCs. The formation of carbon or NiS compounds can rapidly reduce the cell 39 performance [6, 7] . Nickel can catalyse the methane cracking reaction, Eq. (1), to form 40 hydrogen and solid carbon at the anode of an SOFC. Another carbon forming reaction is the 41 Boudouard Reaction, Eq. (2), which forms carbon below operating temperatures of 600 o C. 42 4 → + 2 2 Eq. (1) 43
For the most commonly used Ni/YSZ anode, the deposited carbon is easily dissolved into Ni 45 and then causes volume expansion of the anode material. Because of the good catalytic 46 activity of Ni for carbon formation reactions, the carbon filaments are easily formed on the 47 anode. The accumulation of carbon could lead to serious structural damage of the anode or 48 catalyst deactivation, which drastically reduces the cell performance during operation [3, 8] . 49
In order to enhance the electrochemical performance and carbon resistance of SOFCs 50 operated under hydrocarbon fuels, a lot of studies have been conducted to modify nickel 51 with other materials. Alloying Ni with a small amount of noble metals may enhance the 52 catalytic activity and carbon resistance during the hydrocarbon fuelling. Pt, Pd, Au, Ru, and 53
Ag have been alloyed with Ni by various methods, such as impregnation, in-situ combustion, 54 infiltration, electroless plating, and electrodeposition. Au-Ni anode showed significant 55 enhancement of carbon resistance and operating stability [9, 10] . Pd impregnated Ni/YSZ 56 anodes exhibited lower resistance and suppression of carbon deposition under hydrocarbon 57 fuels [11, 12] . The addition of Ru or Ag to Ni bulk anode also greatly improved the anti-58 coking ability and operation stability under hydrocarbon fuels [13] [14] [15] [16] . Moreover, base metals 59 (Co, Fe, Sn, and Cu) modified Ni anodes have been extensively investigated to reduce the 60 coking problem on the anode. However, the introduction of most base metals to Ni reduced 61 the electrocatalytic activity compared to pure Ni electrocatalyst. A Ni-Co alloy electrocatalyst 62 was found to produce a higher exchange current density in syngas than in pure H 2 with no 63 visible carbon observed on the anode after cell testing [17] . Among those base metals, low 64 concentration Sn-doped Ni anodes showed the most advantageous performance and carbon 65 resistance under hydrocarbon fuels [18] [19] [20] [21] . In addition, less carbon was formed on the Cu-66
Ni anode SOFC than on Ni only anode SOFC when exposed to methane [22] [23] [24] . 67
In the work presented here, traditional Ni/YSZ SOFCs were manufactured via aqueous tape 68 casting and then painted with an LSM cathode [25, 26] . After cell manufacturing, these 69 Ni/YSZ anode SOFC cells were modified by Sn, Cu, and Ag particles using an infiltration 70 method. The prepared SOFCs were tested on hydrogen and then simulated biogas at 750 Anode-supported button SOFC button cells were used for this study. The anode of the 76 fabricated cell had two layers: the anode substrate (AS) and the anode functional layer (AFL). 77
The anode slurries had a mass ratio of NiO:YSZ 65:35. The solid loading for the anode 78 slurries was 55 wt.%. Because of the difference in function between the two anode layers, 79 two different sizes of NiO powder were used in slurry preparation. For the AS slurry, NiO 80 powder (NiO, Hart Materials) with an average particle diameter of 1-2 µm and pre-calcined 81
(800 o C in air for 4 h) 8 mol% yttrium stabilized zirconia (TZ-8YS, TOSOH) powder were 82 used. Moreover, 2 wt.% tapioca starch was added into the slurry as the pore former to create 83 a more porous anode surface. For the AFL, finer NiO powder (NiO, PI-KEM) with an average 84 particle diameter of 0.7 µm and the same YSZ powder as in the AS slurry were used. The 85 powder mixtures were ball milled with distilled water and dispersant Dispex® Ultra FA 4404 86 (BASF) for 24 h. After 24 h of mixing, polyvinyl alcohol solution (PVA 87-90 % hydrolyzed, 87
Sigma-Aldrich) and glycerol (99.5% Glycerol bidistilled, VWR TM ) were added into the mixture 88 as binder and moisturizer, respectively. Antifoam 204 (Sigma-Aldrich) was added to reduce 89 the amount of foam. The AS and AFL slurries were filtered after another 12 h mixing of ball 90 milling. The anode slurries were ready to use after 24 h de-airing. 91
With 50 wt.% the electrolyte slurry solid loading was slightly lower compared to the anode 92 slurries. Water, dispersant (DS001, Polymer Innovations), binder (WB4101, Polymer 93 Innovations), defoamer (DF002, Polymer Innovations), and plasticizer (PL005, Polymer 94 Innovations) were mixed for 24 h. Then, YSZ powder was added into the mixture for another 95 4 h mixing. As the viscosity of the electrolyte slurry was much lower than that of the anode 96 slurries, the filtered electrolyte slurry was ready for tape casting after 30 min de-airing. 97
The electrolyte was deposited as the first layer of the multilayer tape by applying it on a PET 98 film (silicone coated) using a long tape casting vacuum coater (MTI Corporation). After drying at 70 o C for 15 min, the AFL was applied on the electrolyte layer and then dried at 70 100 o C for 15 min. The final layer was the thick anode substrate, which was dried overnight in a 101 vacuum oven at 35 o C. The dried green tape was cut into pre-sintered half cells with a 102 diameter of 3.5 cm. Then, NiO-YSZ half cells with a diameter of 2.5 cm were obtained after 103 co-sintering in air at 1350 o C for 4 h. 104
The cathode pastes for the double-layer cathode were prepared by three-roll milling. The 105 cathode paste for the first layer was LSM (La 0.80 Sr 0.20 Mn Oxide, Praxair)-YSZ paste with a 106 weight ratio of 50:50. The second layer of the cathode was pure LSM. Both layers were 107 brush-painted onto the electrolyte and then sintered in air at 1100 o C for 4 h. Figure 1 shows 108 the anode, electrolyte and cathode of the manufactured single cell. 109
Sn, Cu and Ag were doped on the Ni/YSZ anode by an infiltration method. The target doping 110 metal loadings were 1 wt.% with respect to Ni. SnCl 2 •2H 2 O (Fisher Scientific), 111
Cu(NO 3 ) 2 •3H 2 O (Acros Organics) and AgNO 3 (Acros Organics) were used as the precursor 112
for Sn, Cu and Ag, respectively. In order to infiltrate the dopant into the bulk Ni/YSZ anode, 113 the precursor powder was dissolved in 50% ethanol and 50% water [19] . Then, the required 114 amount of solution was added to the bulk anode's surface with a SciPette pipette (SciQuip). 115
After drying at room temperature, the dried infiltrated cells were calcined in air (the 116 temperature specified in Table 1 ) for 3 h. The calcined anode surfaces can be shown in 117 Hydrogen and simulated biogas were used as the fuel during cell testing. For hydrogen-122 fuelled cell testing, the flowrates of H 2 and N 2 were 21 mL min -1 and 7 mL min -1 , respectively. 123
For biogas mode operation, the flowrates of dry CH 4 , CO 2 and N 2 were 14 mL min -1 , 7 mL 124 min -1 and 7 mL min -1 , respectively. The current collectors used were silver wires (Scientific 125
Wire Company) that were attached on both anode and cathode by using silver paste (DAD-126 87, Shanghai Research Institute of Synthetic Resins). The silver paste was also used to seal 127 the cells in alumina testing tubes for further electrochemical testing. The cathode of the 128 button cell was exposed to air in the furnace. The button cells were characterized by OCV, i- in Figure 6 . The metallic elements on the anode surface were well identified by XPS. Figure 7 shows the i-V characterization of the tested cell on H 2 and biogas. According to the 176 obtained i-V curves, the maximum power density of undoped Ni/YSZ single cell on H 2 and 177 biogas was 0.263 W cm -2 and 0.101 W cm -2 , respectively. The OCV produced from H 2 178 fuelled single cells was 1.08 V, which is close to the theoretical value at this temperature 179 (1.12 V). The reason why experimental OCV values were slightly lower than the theoretical 180 value might be attributed to the crossover of gases or incomplete sealing between the cell 181 and cell holder. However, the OCV produced from the biogas fuelled single cell slightly 182 decreased to 1.02 V due to the different fuel composition with an inert CO 2 component. 183
During methane dry reforming, the amount of hydrogen produced from the reforming 184 reactions will be less than that in a pure hydrogen fuel. Consequently, the electrochemical 185 performance of the single cell was much lower on biogas than on pure hydrogen. 186 respectively. The OCV produced from the biogas fuelled single cell (1.07 V) was slightly 189 higher than that of the H 2 fuelled cell (1.05 V) and the performances were very similar. This 190 improved cell performance on biogas has also been observed in previous studies [18, 19, 191 21] . Although the performance of the cell on hydrogen was slightly better than that of on 192 biogas, the addition of 1 wt.% Sn on the anode greatly enhanced the cell performance on 193 biogas. In contrast, as shown in the graphs, the maximum power densities of the 1 wt.% Cu-194 doped Ni/YSZ anode SOFC on H 2 and biogas were 0.286 and 0.085 W cm -2 , respectively. 195
The addition of Cu to the Ni/YSZ anode reduced the cell performance on biogas fuel. 196
However, the cell performance on H 2 had a small increment. The obtained results were 197 similar to the work done by Rismanchian et al. [22] . In their experiment, electroless plated 198
Cu-Ni/YSZ anodes were tested on dry methane and showed lower performance than that of traditional Ni/YSZ anodes at the same temperature. The reduced performance can be 200 explained by the formation of a Cu-Ni alloy on the anode surface that blocks Ni active sites 201
[22]. Compared with undoped Ni/YSZ cells, Ag-Ni/YSZ cells on biogas showed very similar 202 performance to Ni/YSZ cells. Nevertheless, the cells had very competitive performances with 203 maximum power density of 0.313 W cm -2 when H 2 was used as the fuel. The maximum 204 power density of the single cell on biogas was 0.102 W cm -2 , which was slightly higher than 205 that of undoped and Cu-doped cells. In contrast to the Ag-impregnated Ni/YSZ anode from 206 the work of Wu et al. [14] , the addition of Ag particles via the infiltration method did not 207 enhance or reduce the cell performance on biogas. This might be attributed to the lower 208 amount of Ag particles on the anode surface or the poor formation of Ag-Ni alloy in the bulk 209 anode [14] . 210
211
The electrochemical impedance spectra of the single cells fuelled by H 2 and biogas obtained 212 at 0.7 V from 10 6 Hz to 0.1 Hz can be seen in Figure 8 . For H 2 fuelled single cells, the ohmic 213 resistance of SOFC with Ni/YSZ, Sn-doped Ni/YSZ, Cu-doped Ni/YSZ and Ag-doped Ni/YSZ 214 cells was 0.11, 0.08, 0.08, and 0.08 Ω cm 2 , respectively. Apparently, the undoped Ni/YSZ 215 cell has the highest ohmic resistance compare to the other cells. The declined ohmic 216 resistance of the modified anodes could be explained by the addition of Sn, Cu, and Ag on 217 the anodes improved the electronic conductivity of the electrode. The overall electrode 218 polarisation resistance was 0.50, 0.37, 0.38, and 0.43 Ω cm 2 . It can be seen from Figure 6 (a) 219 that the Ag-decorated cell had higher polarization resistance than Sn-Ni and Cu-Ni cells. 220
Large Ag particles on the anode are likely to block the fuel transportation channel on the 221 porous anode, which lead to the increased total resistance. When H 2 was used as the fuel, 222 both ohmic and electrode resistances for the doped cells were lower than those of undoped 223
Ni/YSZ cells. The decreased ohmic resistance and electrode polarization resistance of the 224 doped cells could be attributed to the increase in electronic conductivity and catalytic activity 225 of the bulk anode from the addition of Sn, Cu, or Ag particles. As shown in the graph, the 226 overall cell resistance increased remarkably when biogas was used as fuel. Due to the 227 change of fuel type at the anode, the anode polarization results in the shift of impedance 228 arcs [29] . The biogas fuelled cells showed the same ohmic resistance values as H 2 -fuelled 229 cells, but the electrode polarization resistances were higher than for H 2 fuel. It can be seen 230 that the total polarization resistance of the Sn-Ni cell increased from 0.37 Ω cm 2 in H 2 to 0.45 231 Ω cm 2 in biogas, which was the lowest among all measured cells. A possible reason could 232 be the enhanced catalytic activity of Sn-Ni on methane reforming reactions. Among these 233 single cells, the 1 wt.% Sn-doped Ni/YSZ anode SOFC showed the minimum total resistance 234 on both H 2 and biogas. The difference of the impedance results between Sn-Ni anode and 235 the other anodes can be explained by the high catalytic activity of Sn as electrochemical 236 catalyst at the anode during biogas operation. test. Compared to the other doped cells, the Cu-doped cell had the most unstable 250 performance and the highest degradation rate of 6.2×10-3 V h -1 . According to the obtained 251 results, the long-term stability of the cell under biogas could be significantly improved by the 252 addition of 1 wt.% Sn or Ag to the Ni/YSZ bulk anode. Impedance analysis for each single 253 cell was performed after 2 h and 50 h galvanostatic operation under biogas with current 254 density of 0.2 A cm -2 . The ohmic resistance of the cells were the same at 2 h and 50 h 255 biogas operation, but the total polarization resistances all showed a rising trend. The Ni/YSZ 256 cell showed the highest total resistance among all tested cells during biogas operation. The 257 electrode resistance of Sn-Ni/YSZ cells had a small increase from 0.44 to 0.50 Ω cm 2 . For 258
Cu-Ni/YSZ and Ag-Ni/YSZ cells, the obtained impedance results were very similar after both 259 2 h and 50 h operation under biogas. The increase in polarization resistance could be 260 explained by the accumulation of carbon on the anode resulted in anode catalyst 261 degradation. 262
Carbon deposition on the anode surface 263
The elements on the anode surface were quantified by the EDX using weight percent after 264 measuring the morphology of the anode surface, which could be shown as Table 3 . It can be 265 seen that the pure Ni/YSZ SOFC had the highest level of carbon on the anode surface. The 
